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Introduction: Age-dating of lunar samples pro-
vides critical information on the timing of key events in
lunar history with significant implications for our un-
derstanding of the evolution of the Moon and other in-
ner solar system bodies. Among various age-dating
methods, the *°Ar/*®Ar ‘antiquity indicator’ is a useful
method of constraining the formation (or closure) age of
lunar regolith samples in a semi-quantitative manner
[1,2]. Specifically, the ratio of trapped “°Ar to trapped
3%Ar within lunar samples correlates well with the expo-
sure age of the sample (calibrated using separate meth-
ods such as #°U-136Xe dating), with higher “°Ar/*¢Ar
values corresponding to older samples. The current op-
erating theory of the antiquity indicator maintains that
the trapped *°Ar originates from the radioactive decay
of endogenic “°K within the lunar interior and, after out-
gassing into the lunar exosphere, is ionized and im-
planted into the lunar soil [3]. In parallel, ®Ar originates
from the solar wind and is also implanted into the lunar
soil. This theory rests on (at least) three key assump-
tions: (i) the rate of **Ar formation and subsequent out-
gassing into the lunar exosphere tracks the radioactive
decay rate of lunar *“°K (ti2 = 1.28 Ga); (ii) the implan-
tation efficiency of exospheric “°Ar via ionization and
pickup remains constant over geologic time; and (iii)
the flux of solar wind *¢Ar remains constant (or near
constant) over geologic time.

In this work, we revisit assumptions (ii) and (iii) in
light of recent developments in our understanding of
both the presence of a lunar paleo-magnetosphere [4]
(which affects both *°Ar and “°Ar implantation) and the
variation of the solar wind flux over the age of the solar
system [5,6] (which affects the 3°Ar flux).

Methodology: We first address the long-term vari-
ation in the solar wind flux inferred from remote obser-
vations of nearby stellar systems [5]. These measure-
ments are consistent with higher solar activity and solar
wind flux at earlier epochs. For example, solar wind
fluxes are projected to be between 10 and 100 times
higher than current at a solar system age of 1.0 Ga, de-
pending on the specific scaling models used. If such in-
creases truly described the solar wind flux from the Sun
in particular, one would expect similarly increased flux
of Ar into lunar samples, thereby violating assumption
(iii). We do note that recent analyses of gas-rich mete-
orites has failed to find evidence for such large secular
changes in solar wind input [7], so this concept remains
controversial.
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Figure 1: Amitis hybrid model results for (left) solar wind density
and (right) lunar “’Ar"* density with a paleomagnetic field strength
0f 1000 nT.

We next model the effects of lunar paleo-magnetic
fields on the flux of **Ar and *’Ar to the lunar surface
by using the Amitis hybrid plasma model [8], e.g., Fig-
ure 1. We have previously used Amitis to model the ef-
fects of lunar paleomagnetic fields on the accretion of
lunar volatiles [9] and the fractionation of precipitating
solar wind minor ions [10]. Here, we model the precip-
itation of both *Ar" and “°Ar" ions over a range of pale-
omagnetic strengths, up to 4 uT. Ar" is modeled as a
minor solar wind species injected in the upstream flow
while °Ar” is injected into the model from a neutral ex-
ospheric distribution (similar to that observed and mod-
eled in the present epoch [11]). Our results show that
both the **Ar" and “°Ar* fluxes to the lunar surface can
be highly disturbed by the presence of paleomagnetic
fields. For example, in the 4 uT case, Ar" fluxes are
suppressed by an order-of-magnitude relative to non-
paleomagnetic conditions. The *°Ar* fluxes at 4 uT are
similar to that for 0 nT; however, simulations suggest
that lower paleomagnetic field strengths (~100 — 1000
nT) result in much lower “°Ar* flux due to more efficient
loss through the lunar paleo-magnetotail.

Conclusions: Our preliminary work suggests that
the presence of both long-term variations in the solar
flux and the complex effects of a lunar paleomagneto-
sphere on solar wind and exospheric ion dynamics sig-
nificantly complicates the interpretation of the Ar-Ar
antiquity indicator. We discuss possible resolutions to
this and areas for future research.
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